Abstract. Counting the occurrences of small subgraphs in large networks is a fundamental graph mining metric with several possible applications. Computing frequencies of those subgraphs is also known as the subgraph census problem, which is a computationally hard task. In this paper we provide a parallel multicore algorithm for this purpose. At its core we use FaSE, an efficient network-centric sequential subgraph census algorithm, which is able to substantially decrease the number of isomorphism tests needed when compared to past approaches. We use one thread per core and employ a dynamic load balancing scheme capable of dealing with the highly unbalanced search tree induced by FaSE and effectively redistributing work during execution. We assessed the scalability of our algorithm on a varied set of representative networks and achieved near linear speedup up to 32 cores while obtaining a high efficiency for the total 64 cores of our machine.
Introduction
Graphs are a flexible and powerful abstraction of many real-life systems. An essential graph mining primitive is to compute the frequency of small subgraphs in large networks. This is known as the subgraph census problem, and lies at the core of several graph mining methodologies, such as network motifs discovery [6] or graphlet based metrics [8] . Counting subgraphs is, however, a computationally hard task, closely related to subgraph isomorphism, a classical NP-Complete problem . This implies that the execution time grows exponentially with the size of the network or the subgraphs being analyzed. Speeding up this computation would have a significant and broad impact, making new size limits computationally feasible, hence leading to a new insight on the networks.
Subgraph census algorithms generally follow one of three different paradigms; network-centric algorithms, such as ESU [16] , compute the frequency of all subgraphs with a certain number of nodes and then verify the type of each subgraph. By contrast, subgraph-centric algorithms, such as the one by Grochow and Kellis [3] , compute the frequency of only one individual subgraph type at a time. Set-centric approaches, such as g-tries as used in [9] , are conceptually in the middle and allow the user to compute the frequency of a customized set of subgraphs that can be larger than a single subgraph but at the same time smaller than all possible subgraphs of a certain size.
Here we are mainly concerned with the network-centric approach. In particular, we focus on the FaSE algorithm which is one of the most efficient sequential alternatives for this conceptual approach to subgraph census [7] . The main contribution of this paper is a scalable parallel version of FaSE geared towards multicore architectures, which are nowadays ubiquitous, even on personal computers, making them an ideal target for end users. Using an efficient dynamic load balancing scheme our parallel algorithm is able to redistribute the work contained in the highly unbalanced search tree produced by FaSE. We tested our approach on a series of representative networks, obtaining very promising results, with an almost linear speedup up to 32 cores and high efficiency for 64 cores. Sequential FaSE was already one or two orders of magnitude faster than state-of-the-art algorithms and so our parallel version constitutes, to the best of our knowledge, the fastest multicore network-centric algorithm.
The remainder of this paper is organized as follows. Section 2 formalizes the problem and describes related work. Section 3 gives an overview of the sequential FaSE algorithm. Section 4 details our parallel approach, while section 5 shows our experimental results. Finally, section 6 sums up the presented work and gives some possible directions for future research.
The Subgraph Census Problem
This section details more formally the problem tackled in this paper.
Definition 1 (Subgraph Census Problem). Given an integer k and a graph G, determine the frequency of all connected induced subgraphs of size k in G.
Two occurrences of a subgraph are considered different if they have at least one node that they do not share.
As previously stated, this metric plays a central role in several graph mining methodologies. For instance, a network motif is defined as a statistically overrepresented subgraph, that is, a subgraph that appears more times than what would be expected [6] . In practice, this means that the census must be computed both on the original network and on an ensemble of randomized networks [10].
Related Work
There are several existing sequential algorithms for the subgraph and classical examples are ESU [16] and Kavosh [4] . They are conceptually similar, both being network-centric and enumerating all possible subsets of k connected nodes, relying on a third-party algorithm (nauty 1 ) to identify the associated subgraph
